Strong interactions between single spins and photons are essential for quantum networks 1 and distributed quantum computation 2 . They provide the necessary interface for entanglement distribution 3,4 , non-destructive quantum measurements 5-7 , and strong photon-photon interactions [8][9][10] . Achieving a spin-photon interface in a solid-state device could enable compact chip-integrated quantum circuits operating at gigahertz bandwidths.
Quantum dots coupled to photonic crystals enable strong light-matter interactions in a compact solid-state device structure 17 . These interactions can interface stationary solid-state quantum bits (qubits) with photons [11] [12] [13] [14] [15] [16] , as previously demonstrated using optically excited quantum dot states 18 . But excited states have very short lifetimes that make them impractical for quantum information processing applications.
Solid-state spin provides a more promising qubit system to implement a long-lived quantum memory. In particular, the spin of a singly charged quantum dot has attracted great interest for implementing a solid-state spin-photon interface. Charged quantum dots enable quantum memories with microsecond coherence time 19, 20 and picosecond timescale single-qubit gates 21, 22 . The effort to integrate quantum dot spin with cavities has also recently experienced rapid progress. Several works demonstrated deterministic loading of a spin in a quantum dot coupled to a nanophotonic cavity [23] [24] [25] , and more recently coherent control of the loaded spin 26 . However, a coherent quantum gate between a quantum dot spin and a photon, the essential building block for quantum networks and distributed quantum computers, has not yet been realized.
In this letter we report an experimental demonstration of a spin-photon quantum interface that implements a quantum phase gate operation using a singly charged quantum dot strongly coupled to a photonic crystal cavity. Figure 1a illustrates the energy level diagram for a negatively charged quantum dot containing a single electron (positively charged dots have a similar level structure) 27 . The level structure has two ground states, corresponding to the two electron spin orientations, that optically couple to two excited trion states through four optical transitions denoted as σ 1 to σ 4 .
In our implementation of a spin-photon interface, transition σ 1 is resonant with the cavity mode while the remaining transitions are decoupled due to large detuning. Thus, the quantum dot resonantly couples to the cavity only when it is in the spin-up state, inducing a spin-dependent reflection coefficient. For a monochromatic photon that is resonant with the σ 1 transition, the reflection coefficients for the spin-down and spin-up states are 1 r ↓ = − and 1 1 C r C ↑ − = + , where 2 2 C g κγ = is the atomic cooperativity, which is a function of the coupling strength g, the total cavity energy decay rate κ, and the dipole decay rate γ (see Supplementary Section S1). When 1 C > , coefficient r ↑ has an opposite sign to r ↓ . Thus, the spin switches the phase of the reflected photon by π, implementing quantum phase operation as originally proposed by Duan and Kimble 8 . We attain ideal gate operation in the limit of large cooperativity ( 1 C >> ) where the reflection coefficient becomes 1 r ↓ = − and 1 r ↑ = .
The quantum phase operation allows one qubit to switch the quantum state of the other qubit.
We consider the case where the polarization state of the photon encodes quantum information.
Since photonic crystal cavities have a single mode with a well-defined polarization, we can express the state of a photon incident on the cavity in the basis states x and y , which denote the polarization states oriented orthogonal and parallel to the cavity mode respectively.
The quantum state of a right-circularly-polarized incident photon can be written as cavity. The Methods section describes the device design and fabrication procedure. We initially characterize the device using micro-photoluminescence measurements (see Supplementary Section S2). From these measurements, we identify a single charged quantum dot that is strongly coupled to the cavity mode and is red-detuned by 67 GHz.
To demonstrate that the spin can flip the state of the photon, we use the polarization interferometry setup shown in Fig. 1c (see Methods). We excite the cavity with right-circularly polarized light, and measure the reflected signal along the left-circularly polarized component. Figure 2a shows the reflection spectrum when the quantum dot is detuned from the cavity so that the two systems are decoupled. By fitting the reflection spectrum to a Lorentzian lineshape, we determine the cavity energy decay rate to be 2 35.9 0.7 GHz
We next apply a magnetic field of 6.6 T that tunes transition σ 1 onto cavity resonance via a Zeeman shift. We excite the quantum dot with a narrowband tunable laser in order to optically pump the spin-state 28, 29 . We first tune the optical pumping laser to transition σ 4 to prepare the quantum dot in the spin-up state. The blue circles in Fig. 2b show the reflection spectrum with the optical pumping laser, which exhibits a vacuum Rabi splitting. In contrast, when we optically pump transition σ 2 to initialize the quantum dot to the spin-down state, we observe a spectrum that closely resembles a bare cavity (Fig. 2c ). This spin-dependent reflection spectrum is the essential property of the spin-photon interface that enables the quantum phase gate operation.
When we turn off the pumping laser, we observe a spectrum in between these two curves due to random spin fluctuations (red diamonds; Fig. 2b ).
We numerically fit the measured spectra to a theoretical model (blue solid line; see Supplementary Section S3). From the fit to Fig. 2b we determine the coupling strength between σ 1 and the cavity to be 1 2 10.2 0.1 GHz
, and the dipole decay rate of σ 1 to be 1 2 2.9 0.4GHz γ π = ± , corresponding to a cooperativity of 2 C = , which is greater than unity and therefore sufficient to achieve a quantum phase operation. The coupling strength satisfies the condition 1 / 4 g κ > , which ensures that we are operating in the strong coupling regime 17 . In
Supplementary Section S4 we provide a detailed analysis of the gate performance that account for finite cooperativity, intra-cavity losses, and coupling and collection losses from the cavity (following a similar analysis to Fushman et al.
30
). From this analysis we calculate a gate fidelity of 0.88 and 0.95 for the spin-up and spin-down states respectively. We fit the data in Fig. 2c to a model that considers a mixture of two spin-states. From this fit we determine the occupation probability of the spin-down state to be 74% 8% ± (see Supplementary Section S3). We attribute this imperfect spin initialization to spin frustration caused by pumping the σ 3 transition, which is close to resonance with σ 2 . In this case frustration is enhanced because the Raman scattering process is resonant with the cavity.
To demonstrate control of the cavity reflection using a coherently prepared spin state, we use all-optical coherent control (see Methods). A narrowband continuous-wave laser tuned to transition σ 4 performs spin initialization, while picosecond optical pulses generate an effective spin rotation
22
. In order to rotate the spin over the Bloch sphere, we utilize the Ramsey interferometry setup illustrated in Fig. 3a , which generates a pair of rotation pulses separated by a time delay τ. A third laser pulse probes the cavity reflectivity a time Δt after the second rotation pulse. We attenuate this laser so that a single pulse contains an average of 0.12 photons coupled to the cavity, in order to ensure a low probability of two-photon events. Figure 3b shows the reflected probe intensity as a function of rotation pulse power P and delay τ. We observe Ramsey oscillations in the reflected probe intensity as a function of both P and τ. Figure 3c plots the emission intensity of the quantum dot at transition σ 2 for the same measurement, which provides a second readout of the spin-state. We observe the same Ramsey oscillation pattern in the quantum dot emission signal, confirming that the reflection modulation shown in Fig. 3b is induced by coherent spin manipulation. We identify two positions in and decoherence due to continuous optical pumping during the rotation pulse sequence.
The measurements in Fig. 2 and Fig. 3 demonstrate that the spin-state of the quantum dot induces a conditional phase shift on the photon. A quantum phase gate would also exhibit the complementary effect, where reflection of a single photon applies a relative phase shift to the spin-states. To demonstrate this phase shift, we use the experimental configuration shown in Fig.   4a . We again perform a Ramsey interference measurement but we inject a weak laser pulse that serves as the control field before the second rotation pulse (see Methods). If the control field contains a single photon, it will impose a π phase shift on the spin-down state, which will shift the phase of the Ramsey fringes.
The blue circles in Fig. 4b show the occupation probability of the spin-down state conditioned on the detection of a control photon. The blue solid line is a numerical fit to a sinusoidal function. We compare this curve to the occupation probability of the spin-down state when we block the control field (black squares with black line as a numerical fit). The interference fringe conditioned on detecting a single control photon is shifted in phase by ( ) 1.09 0.09 π ± radians relative to the case where there is no control photon, demonstrating that a single control photon applies a large phase shift to the spin. We attribute the degraded visibility of the Ramsey fringe conditioned on a control photon to finite cooperativity, intrinsic cavity losses, and occasional two-photon incidence events.
We can tune the phase shift imparted on the spin by a control photon by introducing a frequency detuning between the control field and transition σ 1 , which enables us to apply arbitrary controlled phase shifts. Figure 4c shows the same measurement for a blue detuned control field. The conditioned data (blue circles) show a ( ) 0.59 0.05 π ± radian phase shift, which corresponds to a detuning of 7.3 GHz (see Supplementary Section S7). We also plot the occupation probability of the spin-down state in the presence of the control field but without conditioning on the detection of the control photon (red diamonds in Fig. 4b and 4c ). These curves are very similar to the case where the control field is blocked, which indicates that the average number of control photons per pulse coupled to the cavity is much smaller than 1, and thus the control field effectively approximates a single photon source.
In conclusion, we have demonstrated a solid-state spin-photon quantum interface, which is the fundamental building block for numerous applications including entanglement distribution 3, 4 , non-destructive photon measurements [5] [6] [7] , and strong photon-photon interactions [8] [9] [10] . The large light-matter coupling strength of our solid-state devices enables spin-photon gates operating at unprecedented bandwidths, where the spin can switch picosecond photon wavepackets. Another compelling aspect of our approach is the compact nature of the device structure which is highly conducive to photonic integration. . Perhaps the most intriguing aspect of our quantum interface is that it monolithically combines spins with strongly interacting nanophotonic structures on a single semiconductor chip, which may have many beneficial
properties for future integration and scalability.
Methods
Device design and fabrication. The initial wafer for device fabrication was composed of a 160 nm thick GaAs membrane with a single layer of InAs quantum dots at its center (density of 10-50/µm 2 ). A fraction of quantum dots in the sample were naturally charged due to residual doping background. For the particular quantum dot we measured, a weak white light illumination was used to stabilize the extra electron confined in the dot. The membrane layer was grown on top of a 900 nm thick Al 0.78 Ga 0.22 As sacrificial layer. A distributed Bragg reflector composed of 10 layers of GaAs and AlAs was grown below the sacrificial layer and acted as a high reflectivity mirror, creating a one-sided cavity. Photonic crystal structures were defined using electron-beam lithography, followed by inductively coupled plasma dry etching and selective wet etching of the sacrificial AlGaAs layer. The cavity design was based on a three-hole defect in a triangular photonic crystal where the inner three holes adjacent to the defect were shifted to optimize the quality factor
32
. The lattice constant of the photonic crystals was 240 nm, and the radius of each hole was 72 nm.
Measurement setup. The sample was mounted in a closed-cycle liquid-helium cryostat and cooled down to 3.6 K. The sample mount was placed inside the bore of a superconducting magnet that can apply magnetic fields up to 9.2 T. The sample was oriented such that the magnetic field was in the in-plane direction (Voigt configuration), and the cavity axis was approximately 45 degree with respect to the magnetic field. Sample excitation and collection was performed with a confocal microscope using an objective lens with numerical aperture of 0.68.
The coupling efficiency for this configuration was measured to be 1% by measuring the Stark shift of the quantum dot under cavity-resonant excitation 33 . The polarization of the incident light was set by a quarter-wave plate and a polarizer, as illustrated in Fig. 1c , where the fast axis of the quarter-wave plate was rotated 45 degree with the axis of the polarizer. The polarization for the collected signal was set by a second quarter-wave plate and polarizer. The collected signal was focused into a single-mode fiber that spatially filtered only the cavity-coupled signal and isolated a single transverse mode. The spectrum of the spatially filtered signal was measured using a grating spectrometer with a resolution of 7 GHz.
Spin dependent cavity reflectivity measurement. The bare cavity spectrum in Fig. 2a was measured using a broadband LED with dominant emission in the wavelength range of 900-950 nm. Data in Fig. 2b and 2c were measured using a narrowband tunable external cavity diode laser with linewidth below 300 kHz. The laser was sent through an intensity stabilizer before coupling to the excitation port. A second narrow linewidth (< 100 kHz) external cavity diode laser was used to resonantly pump one of the quantum dot transitions. Each data point in Fig. 2b and 2c was obtained by numerically fitting the measured laser reflection with a Gaussian function, where the frequency and reflected intensity were obtained from the fit. This technique enables us to monitor the laser frequency to much higher precision than the spectrometer resolution. Background noise due to inelastic scattering from the pumping laser was measured by turning off the probe laser while keeping the pump laser at the same condition, and was subtracted before the numerical fitting.
Ramsey interferometry measurement.
The rotation and probe pulses were generated using two time-synchronized Ti:sapphire lasers with a repetition rate of 76 MHz. The lasers were synchronized by piezo feedback in the rotation laser cavity, which locked its clock frequency to the probe laser with an accuracy of 100 fs. The delay between the rotation and the probe pulse t Δ was controlled electronically by a phase-lock loop in the synchronization electronics, and measured to be 140 ps by a single-photon avalanche photodiode with 30 ps resolution. The probe pulse duration, initially 2 ps, was filtered to 63 ps using a spectrometer grating, and then sent to an intensity stabilizer. The probe pulse power was set to 0.2 nW, which corresponds to 0.12 photons coupled to the cavity per probe pulse. The rotation pulse duration was 6 ps. The center frequency of the rotation pulse was red detuned from the cavity by 520 GHz, equal to 15 cavity linewidth. We set the power of the continuous-wave optical pumping laser to 30 nW. At this power we measure a spin initialization time of 1.27 0.09 ns ± (see Supplementary Section S8), which is slow compared to τ and t Δ , but fast compared to the repetition time of the experiment (13 ns). In the measurement for Fig. 3e we fixed the power of each rotation pulse to 40 µW which corresponds to a π/2-rotation.
Photon induced spin phase switch measurement. The signal from the control pulse and the quantum dot emission were both collected using the same objective lens, and then separated into two optical paths with a 50/50 beamsplitter. A 9-GHz-bandwidth Fabry-Perot filter was used in one of the optically paths to spectrally select only the photons emitted at the frequency of the σ 2 transition. A polarizer and a grating spectrometer were used in the other optical path to select photons tuned to the control field frequency and polarized parallel to the cavity-axis. To obtain the blue circles in Fig. 4b and 4c, we performed a two-photon coincidence measurement between the control photon and the quantum dot emission at the σ 2 transition using two Single Photon
Counting Modules (SPCMs) and a PicoHarp 300 time correlated single photon counting system.
At each delay time τ between the two rotation pulses, we count the two-photon coincidence events ( ) C τ and calculate the conditioned probability
To obtain the red diamonds and blue squares, we only measure the quantum dot emission intensity at the σ 2 , denoted ( ) I τ , using a spectrometer CCD and calculate the probability as ( )
The control field was turned on and off to obtain the red diamonds and black squares respectively. laser, we observe a suppression of the cavity response at the σ 1 resonance due to strong coupling.
We also observe a Fano-resonant lineshape at 0.078 nm (27 GHz) detuning, corresponding to the coupling between σ 2 and the cavity mode. c, Cavity reflection spectrum when the pump laser is resonant with transition σ 2 . The blue circles show the measured spectrum, and the solid line shows calculated spectrum. except that the control field is blue detuned from the σ 1 quantum dot transition.
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Calculation of cavity reflection coefficients
We calculate the cavity reflection coefficients in the presence of finite cooperativity, cavity losses due to absorption and leaky modes, imperfect transverse spatial mode matching between the incident photon and cavity, and insertion and collection losses that may arise from various effects such as finite numerical aperture of the optics. Supplementary Figure S1 illustrates the model we use to describe our system. We define a as the bosonic annihilation operator for the cavity field, and in a and out a as the operators for the cavity coupled incidence and reflection modes. These operators are related by the cavity input-output relation , ex out in a a a (1) where ex is the cavity energy decay rate to the mode representing the reflected port of the cavity.
We denote the annihilation operators for the field in the excitation fiber as in f . The transverse mode of this field is not perfectly mode-matched to the cavity, which will lead to imperfect coupling. We can account for this by expressing the input mode as a superposition of a perfectly mode matched component represented by in a and an orthogonal component that does not match the cavity transverse mode using Schmidt decomposition. Thus, , in in in a f (2) 1 , The fiber filter, however, may still allow some of the unmatched mode component to couple to the output fiber.
Supplementary Figure S1 . Schematic of the experiment setup in the theoretical model.
In order to calculate the reflection coefficients, we need an expression for the cavity field operator a . We derive this expression using the Heisenberg-Langevin formalism. We assume that only the quantum dot transition 1 is coupled with the cavity, while the remaining transitions are decoupled due to large detuning. We also assume that the incident photon is monochromatic with a frequency of . Under these assumption we express the Hamiltonian for the coupled cavity and quantum dot system in the rotating reference frame with respect to , given by
where 1 is the lowering operator for the quantum dot transition 1 , c and x are the resonance frequencies of the cavity mode and quantum dot transition 1 respectively, and g is the coupling strength between the cavity mode and quantum dot transition 1 . In the weak field limit, the Heisenberg-Langevin equations are 
1 ,
where is the total cavity energy decay rate, given by ex i , i is the intrinsic loss rate of the cavity due to material absorption and coupling to undesired leaky modes, and is the dipole decay rate for the quantum dot.
We calculate the cavity field operator a by taking the steady solution of Eqs. (6) 
We calculate the cavity reflection coefficients r and r for both the spin-down and spin-up cases by combining Eq. (8) or (9) 
where 2 2 C g is the cooperativity of the system. In the ideal limit that the intrinsic cavity loss is absent ( 1 c ) and we achieve perfect mode matching ( 1 in out ), Eqs. (12) and (13) converge to the expressions shown in the main text. We note that, at the resonance condition (which is the optimal operating condition for the phase gate), both r and r are real numbers.
even in the presence of all imperfections we have incorporated into the model. A phase gate requires that 0 r and 0 r , w -down and spin-up states respectively. We achieve this condition provided 0.5 and 1 C . When these conditions are satisfied, finite cooperativity, cavity losses, and imperfect transverse mode-matching do not change the spin dependent phase shift.
Device characterization by photoluminescence
We identify a charged quantum dot coupled to the cavity from the photoluminescence spectrum of the device under a magnetic field applied along the in-plane (Voigt) direction.
Supplementary Figure S2a shows the photoluminescence spectrum from the device used in our measurements when excited using an 860 nm continuous wave laser. At 0 T, the emission spectrum shows a bright peak due to the cavity (labeled as CM) and a second peak due to the quantum dot (labeled as QD), which is red-detuned from the cavity resonance by 0.19 nm (67 GHz). As we increase the magnetic field, the quantum dot splits into four peaks corresponding to the four optical transitions shown in Fig. 1a of the main text. To demonstrate strong coupling between the quantum dot and the cavity, we finely tune the magnetic field over the range of 4.5 T to 8.5 T and measure the cavity photoluminescence. Figure   S1b shows the photoluminescence spectrum near the cavity resonance as a function of magnetic 1 tunes over the cavity resonance and exhibits an anti-crossing, indicating that the system operates in the strong coupling regime. We perform a second order correlation measurement to verify that the observed quantum dot resonance corresponds to a single quantum dot. We set the magnetic field to 0 T and resonantly excite the cavity using a pulsed laser with a repetition rate of 76 MHz, which excites the quantum dot via phonon mediated non-resonant energy transfer 12 . We filter the quantum dot emission using a spectrometer grating, and then send it to a Hanbury Brown-Twiss (HBT) intensity interferometer composed of a 50/50 beamsplitter and two Single Photon Counting Modules (SPCMs). We use a time correlated single photon counting system (PicoHarp 300) to process the detection events from the two SPCMs and obtain the second order correlation.
Supplementary
Supplementary Figure S3 shows the measured second order correlation 2 g for both the direct pulse laser signal (Fig. S3a) and the quantum dot emission signal (Fig. S3b) , where is the delay time between two detection events obtained by the two SPCMs. We observe strong suppression of the second order correlation at 0 for the quantum dot emission signal, confirming that the emission is from a single quantum dot.
Supplementary Figure S3 . Second order correlation measurement. a, Excitation pulse laser. b, Quantum dot emission.
Numerical fit of the cavity reflection spectrum
Calculations performed in Fig. 2 of the main text assume a monochromatic input field. This assumption is highly realistic because we use a narrowband continuous wave laser with linewidth below 1 MHz to probe the cavity reflectivity. This linewidth is much narrower than both the quantum dot and cavity linewidths, and is also much smaller than the coupling strength.
In the monochromatic limit, we can express the power of the reflected laser as cross-polarized reflectivity when the spin is in spin-up and spin-down respectively, and down P is the occupation probability for the spin-down state.
When the quantum dot is in the spin-down state, it only couples to the cavity through R i (14) where is the total cavity energy decay rate, and c is the resonance frequency of the cavity, and is the coupling amplitude as defined in Section 1.
When the quantum dot is in the spin-up state, it couples to the cavity via transitions 1 and 2 that are near-resonance. In this case we must account for the strong light-matter interactions between the quantum dot and the cavity. To do so we numerically solve the master equation
is the density matrix of the system, H is the system Hamiltonian, and L is the Liouvillian superoperator that accounts for non-unitary evolution due to all dissipative mechanisms. The Hamiltonian, expressed in the reference frame rotating with respect to the input laser frequency , is given by
In Eq. (15), 1 and 2 are the lowering operators for the quantum dot transitions 1 and 2 respectively, and a is the photon annihilation operator for the cavity mode. The remaining parameters are defined as follows: x is the frequency of transition 1 , h is the Zeeman splitting between the trion states, 1 g and 2 g are the coupling strength between the cavity and transitions 1 and 2 respectively, and is the amplitude of the input field. The coupling between the cavity and transition 2 has a phase shift of /2 compared with the coupling between the cavity and transition 1 due to the selection rules 13 .
The Liouvillian superoperator L accounts for all nonunitary Markovian processes including spontaneous emission, dephasing of the excited trion states and decay of the cavity field. This operator is given by † † 1 1
where is the average cavity photon number, and ss denotes the density matrix of the system in the steady state.
We numerically fit the measured spectrum shown in Fig. 2b and 2c to out
S
. We obtain the fit to Fig. 2b by setting the quantum dot to the spin-up state. The assumption that the quantum dot only occupies the spin-up state is justified by numerical calculations, where we obtain better than 99% initialization fidelity when pumping transition 4 (all other parameters are identical to Fig. 2b) . From the fit we obtain the spin-down occupation probability 74% 8%
down P as reported in the main text.
Derivation and calculation of gate fidelity
We derive the gate fidelity in the limit that the incident photon is monochromatic and resonant with the cavity mode. We define the gate fidelity for both the spin-up and spin-down conditions as where r and r are the spin-dependent cavity reflection coefficients given in Eq. (12) and (13), and is the collection efficiency as defined in Section 1. Note that the reflection coefficient for the x-polarized photon, which does not couple to the cavity, is always equal to . We obtain this result using the same formalism shown in Section 1 where we take the limit 0 
The fidelity depends on only two parameters, the atomic cooperativity C , and the coupling amplitude . We note that the fidelity does not depend on the collection efficiency , because represents an overall scaling factor that does not depend on spin or polarization and just leads to an overall reduction in efficiency. We also note that for an ideal transverse mode filter Using the measurements reported in Fig. 2 of the main manuscript, we determine 2 C . To calculate , we measure the cavity spectrum along the co-polarized polarization component.
Supplementary Figure S4 shows the cavity reflection spectrum when we excite the cavity with right-circularly polarized light, and measure the reflected signal along both the left-(red diamonds) and right-circular (blue circles) polarization component. We perform these measurements without a magnetic field so that the quantum dot is detuned from the cavity, enabling us to measure the bare cavity spectrum along two orthogonal polarization.
The measurement along the left-circularly polarized component is identical to the measurement in Fig. 2a . In this case, the cross-polarized reflectivity L R is given by
It is difficult to infer from the spectrum because it serves only as an overall scaling factor which reduces the device efficiency and is hard to separate from the insertion and collection loss.
The measurement along the right-circularly polarized component provides a much better way to characterize this parameter. In this case we can replace the cross-polarized reflectivity . Thus, we can directly infer from the degree of suppression at the cavity resonance. As seen in Fig. S4 , the intensity drops nearly to zero on resonance for the blue curve, indicating that the device is operating close to a single-sided cavity, and that the output fiber is serving as a highly effective spatial mode filter for the mode-matched component.
To determine quantitatively, we fit both data sets to a theoretical model, given by
where in S is the power of the input laser, and out S is the detected power. We define show the calculated spectra.
Characterization of spin preparation fidelity
To characterize the fidelity of the spin-state preparation using the Ramsey pulse sequences, we tune the probe laser across the cavity resonance while setting the rotation pulse power P and the delay time between two rotation pulses to the conditions indicated by the circles in Fig. 3b of the main text. The resulting cavity spectra are plotted in Fig. S5a and S5b. In Fig. S5a the two pulses arrive in-phase with the Larmor precession of the spin, and the quantum dot rotates to the spin-down state. The cavity spectrum (blue circles) is thus similar to the bare cavity Lorentzian lineshape. Figure S5b shows the case where the two rotation pulses arrive out-of-phase and the quantum dot rotates back to the spin-up state. The cavity now exhibits a strongly coupled spectrum. We also plot the measured spectrum when The data shown in Fig. S5 enable us to calculate the spin populations after the Ramsey pulse sequence. We numerically fit the data to a model that is similar to the one described in Section 3, but also accounts for the 7 GHz bandwidth of the probe laser. Under this condition, the monochromatic input field approximation is no longer fully accurate. However, the model for monochromatic fields in Section 3 can be easily extended to non-monochromatic inputs. In the weak field limit, the coupled quantum dot and cavity system behaves linearly with respect to the input field and therefore each frequency component of the non-monochromatic field interacts with the cavity independently. We thus obtain the total reflected power out W using the equation
where in S is the power spectrum of the input field, the other parameters are the same as defined in Section 3. We assume that the input field has a Gaussian power spectrum with a center frequency 0 . Thus, 2 7 GHz which is the resolution of the grating filter used to narrow the bandwidth of the probe laser.
The solid lines show the numerically calculated spectra. From the fit we determine the spin preparation fidelity for the spin-down state, defined as the probability that the spin is prepared in the desired state, to be 0.7 0.04 . Similarly, we determine the spin preparation fidelity for spin-up to be 0.74 0.05 . The imperfect population transfer could be caused by a number of factors such as re-initialization of the spin by optical pumping during the interval between the rotation and the probe pulse, and decoherence due to power induced trion dephasing induced by
Zeeman splitting between the spin-up and spin-down states. are set to the same values as those obtained in Section 3. We use the same Liouvillian superoperator given by Eq. (16) . We set the initial state of the spin to spin-up and numerically integrate the master equation. We calculate the probability of the spin-down population after the Ramsey pulse sequence using the relation † 0 22 10 down fwhm P Tr t t , where 0 t is the arrival time of the second rotation pulse, and is the density matrix of the system. We evaluate the spin-down population at an interval 10 fwhm t after the second rotation pulse to ensure that the pulse has completed died away.
We note that in our experiments, the duration of the rotation pulse (6 ps) is not negligibly small compared to the Larmor period (21.4 ps), which affects the Ramsey interference patterns observed in Fig. 3b-d . Supplementary Figure S6 compares the calculation results for a 6 ps pulse duration with a shorter 1 ps pulse duration. The 1 ps pulse shows nearly independent oscillations in both power P and time delay , the expected behavior for an ideal Ramsey experiment where the rotation pulses are short compared to the precession frequency. When increasing the pulse duration to 6 ps the interference pattern is changed because the spin-state slightly precesses while the rotation pulse is on. Despite the longer duration of the rotation pulse in our experiments, the Ramsey pulse sequence can still access the entire Bloch sphere for an appropriate combination of P and . To understand how, we plot the spin state after a single 6 ps rotation pulse on the Bloch sphere as a function of increasing rotation pulse power, shown by the green circles in Fig. S7a . Due to the finite duration of the rotation pulse, the Bloch vector takes on an elliptical trajectory on the Bloch sphere resulting in a peak population transfer of only 60%. For comparison we also plot the trajectory of the Bloch vector for a 1 ps rotation pulse (blue circles), which results in almost complete population transfer at the peak value. A Ramsey pulse sequence overcomes this problem. The first pulse can rotate the spin to the equator of the Bloch sphere (indicated by the red circle). The second pulse will then rotate the spin from the equator to the spin-down state if properly timed. Figure S7b and S7c plot the trajectory of the spin state on the Bloch sphere when excited by a pair of 6 ps pulses whose amplitudes are set such that each pulse would rotate the spin onto the equator of the Bloch sphere. Figure S7b shows the case where the two pulses arrive at the proper time-delay to rotate the spin to the spin-down state. This case corresponds to the point "a" in Fig. 3b of the main text. Figure S7c shows the case where the two pulses arrive at the time-delay where the spin rotates back to the spin-up state, which corresponds to point "b" in Fig. 3b . Using an appropriate combination of pulse powers and delays, we can access the entire Bloch sphere using a two-rotation-pulse scheme despite the fact that each individual pulse does not implement a perfect uniaxial rotation.
Supplementary
Supplementary Figure S7 . Evolution of spin population under rotation pulses. a,
